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Abstract
We study variation of the proton-to-electron mass ratio µ = mp/me
by incorporating standard model (SM) of particle physics into an ex-
tended Brans-Dicke theory. We show that the evolution of the Higgs
vacuum expectation value (VEV), with expansion of the Universe,
leads to the variation of the proton-to-electron mass ratio. This is
because the electron mass is proportional to the Higgs VEV, while the
proton mass is mainly dependent on the quantum chromodynamics
(QCD) energy scale, i.e., ΛQCD. Therefore, using the experimental
and cosmological constraints on the variation of the µ we can con-
strain the variation of the Higgs VEV. This study is important in
understanding the recent claims of the detection of a variation of the
proton-to-electron mass ratio in quasar absorption spectra.
1 Introduction
The assumption of the constancy of the constants plays an important role
in astronomy and cosmology, especially with respect to the look-back time
measured by the redshift. Refusing the possibility of varying constants could
lead to a distorted view of the Universe and, if such a variation were founded,
corrections would have to be applied. Therefore, it is important to inves-
tigate this possibility, in particular as the measurements become more and
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more strict. The history of these investigations traces back to early ideas in
the 1930s on the possibility of a time variation of the gravitational constant
G by Milne [1] and the suggestion by Dirac of the large number hypoth-
esis [2, 3] which led him also to propose in 1937 the time evolution of G.
Clearly, the constants have not undergone enormous variations on solar sys-
tem scales and geological time scales, and one is looking for tiny effects.
There are some reviews on the time variation of the constants of nature, for
example see [4–7].
The proton-to-electron mass ratio µ ≡ mpme is another important dimen-
sionless constant that may evolve with cosmic time. This ratio is effectively
the ratio of the strong and electroweak scales. The molecular absorption
lines spectra, as first pointed out by Thompson [8], can provide a test of the
variation of µ. The variation of this ratio has been measured using quasar
absorption lines [9–14]. Motivated by these observations of quasar absorp-
tion systems, some theories have been proposed, for example see [15–22]. In
this paper, considering the standard model of particle physics and a gener-
alized Brans-Dicke (BD) theory containing two interacting scalar fields, we
propose another scenario in which the proton-to-electron mass ratio varies
with cosmic time.
According to the standard model of particle physics, the masses of ele-
mentary particles, including the electron mass, is proportional to the vac-
uum expectation value (VEV) of the Higgs boson while the proton mass is
mainly determined by the scale of quantum chromodynamics (QCD), i.e.,
ΛQCD [23]. Therefore, the variation of the Higgs VEV, ν, leads to a variation
of the electron mass me while the proton mass mp almost remains constant
(We have also supposed that Yukawa coupling constant between Higgs bo-
son and electron is time-independent). On the other hand, there must be
a time, for example the time of electroweak phase transition, when Higgs
VEV were different from what is today. Therefore, it is natural to expect
that Higgs VEV has been varied during cosmological epochs. Indeed, in the
framework of generalized Brans-Dicke (BD) theories, in which BD-field ψ
interacts with Higgs field H, one can show the effective potential associated
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to H may adopt the Higgs potential form with a slowly evolving vacuum
expectation value.
In the next section we discuss the variation of the electron mass and pro-
ton mass with the evolution of the Higss VEV. The study of the evolution
of the Higgs VEV in cosmological context comes next. Finally, in the con-
clusion section, using experimental and cosmological observations, we put a
constraint on the variation of the Higss VEV.
2 Standard Model and electron/proton mass
The Higgs boson is presumed by the electroweak theory initially to explain
the origin of particle masses. In the Standard Model of particle physics, the
mass of all elementary particles is proportional to the Higgs VEV. Therefore,
for the electron mass as well as the quarks masses, we have
me,q = λe,qν, (2.1)
where λe,q is the Yukawa coupling and ν is the Higgs VEV. On the other
hand, how the proton mass is related to the Higgs VEV is another question.
The total proton mass is 938 MeV, while the masses of the valence quarks
in the proton are just 3 MeV per quark which is directly related to the
Higgs VEV. The quark and gluon contributions to the proton mass can
be provided by solving QCD non-perturbatively. The proton mass mp is a
function of ΛQCD and quark masses. In the chiral limit the theory contains
massless physical particles. In this limit mp is proportional to the QCD
energy scale ΛQCD and it does not change with variation of the Higgs VEV.
Considering quark masses, the quark mass expansion for the proton mass
has the structure [23]
mp = a(ΛQCD) +
∑
q
bqmq (2.2)
One can derive a separation of the nucleon mass into the contributions from
the quark, antiquark, gluon kinetic and potential energies, quark masses,
and the trace anomaly [24]. The QCD Hamiltonian can be separated into
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four gauge-invariant parts
HQCD = Hq +Hm +Hg +Ha (2.3)
with
Hq =
∫
d3xψ†(D.γ)ψ (2.4)
Hm =
∫
d3xψ†mψ (2.5)
Hg =
∫
d3x
1
2
(E2 +B2) (2.6)
Ha =
∫
d3x
9αs
16pi
(E2 +B2) (2.7)
where ψ is the quark field, and E and B are electric and magnetic gluon field
strengths, respectively. In Eq. (2.3), Hq represents the quark and antiquark
kinetic and potential energies, Hm is the quark mass term, Hg represents
the gluon energy, and finally, Ha is the trace anomaly term. Recent lattice
simulations shows that the joint u/d/s quark mass term, Hm, only contribute
9 percent of the proton mass [25]. Note that this term is the one where
the Higgs boson contributes and it means the second term in Eq. (2.2)
contribute 9 percent of the proton mass. Following [21], we assume that
ΛQCD as well as Yukawa couplings are constants, while the Higgs VEV ν
can evolve. Therefore, according to Eqs. (2.1) and (2.2) we have
∆me
me
=
∆ν
ν
(2.8)
∆mp
mp
=
∑
q
bqmq
a(ΛQCD) +
∑
q
bqmq
∆ν
ν
=
9
100
∆ν
ν
(2.9)
In Eq. (2.9), as we discussed before, we have assumed the quark mass term,∑
q
bqmq, contribute 9 percent of the proton mass. Thus
∆mp
mp
is negligible in
comparison with ∆meme and it means, considering time-dependent Higgs VEV,
the electron mass should change with the cosmic time while the proton mass
remains (almost) constant.
According to Eqs. (2.8) and (2.9), the cosmological evolution of the
Higgs VEV would lead to a cosmological variation of the proton-to-electron
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mass ratio µ:
∆µ
µ
=
∆mp
mp
− ∆me
me
= − 91
100
∆ν
ν
, (2.10)
where ∆ν/ν ≡ (νz−ν0)/ν0 for ν0 and νz the present value of the Higgs VEV
and its value in the absorption cloud at redshift z, respectively.
In order to provide another estimation for
∆mp
mp
as function of ∆νν , we
consider the relation between top quark mass and proton mass discussed
in [26]. In [26], using the renormalization group equation, it is argued that
in a simple unified theory the proton mass depends on the top quark mass,
mt, as the following
mp
1GeV
∝
( mt
1GeV
) 2
27
. (2.11)
According to this relation, we get
∆mp
mp
=
2
27
∆ν
ν
=
7.4
100
∆ν
ν
. (2.12)
which is in good agreement with Eq. (2.9).
In the following, we will show how the Higgs VEV, and consequently the
proton-to-electron mass ratio, varies with cosmic time.
3 Expansion of the Universe and evolution of the
Higgs VEV
Consider the Higgs sector of the standard model (in unitary gauge) with the
following Lagrangaian
L = −1
2
∂µH∂
µH − λ
4
(H2 − ν2)2, (3.1)
where ν0 = 246 GeV is the present Higgs VEV.
One can decompose H to the Higgs particle h and a classical background
field φ which plays the role of a Higgs cosmological value depending on the
cosmic time: H = φ(t) + h. In Lagrangian (3.1), according to spontaneous
symmetry breaking, we should replace H with ν0 + φ(t) + h = ν(t) + h
where the time-dependent Higgs vacuum expectation value defined as ν(t) ≡
ν0 + φ(t). Then by minimally coupling φ(t) to gravity, one can show that
the expansion of the Universe leads to a cosmological time evolution of the
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vacuum expectation of the Higgs boson [21]. Time-dependent Higgs VEV is
also studied in [27] considering dynamics of the standard model of particle
physics alone. In this work, it has been shown that variation of the Higgs
VEV leads to the non-adiabatic production of both bosons and fermions.
There are other motivations for time-dependent Higgs VEV as well. For
example in [28], the structure of the Higgs potential has been derived from
a generalized Brans-Dicke theory [29] containing two interacting scalar fields.
By requiring that the cosmological solutions of the model are consistent with
observations, it has been shown that the effective scalar field potential adopts
the Higgs potential form with a mildly time-dependent Higgs VEV. We
conclude that time-dependent Higgs VEV is a natural assumption specially
in the context of gravity and cosmology.
Motivated by these arguments, here we assume the Higgs VEV could be
time-dependent. However, this does not mean that it certainly varies with
time. We just consider it as a well-motivated possibility. Therefore, keeping
an open mind on this possibility, we let equations determine the dynamics of
its variation. In the end, one can constrain its variation using experimental
data and cosmological observations.
In this section, we consider two different approaches in order to deter-
mine evolution of the Higgs VEV. In the first approach we simply assume
the Higgs VEV, ν, in the Lagrandian (3.1) is time dependent, ν = ν(t),
without knowing its dynamics. Then we solve equation of Higgs field H for
its vacuum expectation in the framework of concordance model of cosmol-
ogy. This is only an approximation in which Higgs field is always close to
its vacuum: H(t) ≃ ν(t). Finally, in a more comprehensive approach, we
consider a generalized Brans-Dicke theory containing two interacting scalar
fields used in [28]. In this approach, a mildly time-dependent Higgs VEV is
derived from evolution of another scalar field.
3.1 First approach
The Universe is isotropic and homogeneous, at least as a first approximation.
This assumption will lead us to the Robertson-Walker metric. Almost all of
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modern cosmology is based on this metric:
dτ2 = dt2 − a2(t)
[
dr2
1−Kr2 + r
2dΩ
]
, (3.2)
where K is the curvature signature and a(t) is the scale factor. Homo-
geneity and isotropy suggest the energy-momentum tensor of the Universe
take the form of a perfect fluid energy-momentum tensor. Gravitational
field equations of Einstein for the Robertson-Walker metric, Eq. (3.2), with
the energy momentum-tensor of a perfect fluid, leads to the fundamental
Friedmann equation:
a˙2 +K =
8piGρa2
3
, (3.3)
and the energy-momentum conservation law:
ρ˙ = −3a˙
a
(ρ+ p), (3.4)
where ρ and p are the energy density and the isotropic pressure of the
Universe, respectively.
Now consider this action:
IH = −
∫
d4x
√−g
(
1
2
gµν∂µH∂νH +
λ
4
(H2 − ν2(t))2
)
, (3.5)
in which the Higgs VEV may vary with cosmic time as we have already
argued. The scalar field energy density and pressure become
ρH =
1
2
H˙2 +
λ
4
(H2 − ν2(t))2, (3.6)
pH =
1
2
H˙2 − λ
4
(H2 − ν2(t))2. (3.7)
Now for the vacuum expectation value of H we have HV = ν(t). Therefore,
energy density and pressure of the vacuum are:
ρV = pV =
1
2
ν˙2. (3.8)
Energy-momentum conservation law, Eq. (3.4), for the vacuum field HV =
ν(t) with a equation of state of the form (3.8) leads to
ρV =
1
2
ν˙2 ∝ a−6. (3.9)
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We should consider contribution of ρV in Friedmann equation:(
a˙
a
)2
=
8piG
3
(ρM + ρR + ρΛ + ρV )− K
a2
, (3.10)
where ρM ∝ a−3, ρR ∝ a−4, and ρΛ are the energy density of the (non-
relativistic) matter, radiation, and cosmological constant, respectively.
The critical present density (ρ0,crit), corresponding to K = 0, is,
ρ0,crit ≡ 3H
2
0
8piG
, (3.11)
where H0 ≡ a˙(t0)a(t0) is the present Hubble constant. Using Eq. (3.11) and
x ≡ a(t)a(t0) , we may rewrite Eq. (3.10):(
x˙
x
)2
= H20
(
ΩΛ +ΩKx
−2 +ΩMx
−3 +ΩRx
−4 +ΩV x
−6
)
, (3.12)
where ΩK ≡ − KH2
0
a2(t0)
and
ΩΛ ≡ ρΛ
ρ0,crit
, ΩM ≡ ρM0
ρ0,crit
, ΩR ≡ ρR0
ρ0,crit
, ΩV ≡ ρV 0
ρ0,crit
, (3.13)
with ΩM +ΩR +ΩV +ΩΛ +ΩK = 1.
According to Eqs. (3.9), (3.11), and (3.13), we have
ν˙0
ν0
= NH0, (3.14)
where N is a dimensionless number depending on ΩV ,
N = ±
√
3ΩV
4piGν20
= ±2.4× 1016
√
ΩV . (3.15)
In Eq. (3.15), we used G = 6.7×10−39 GeV −2 (in natural units). The most
stringent bound on ν˙0ν0 ≃ −
µ˙0
µ0
comes from the comparison of the transitions
in Yb+ with the cesium atomic clock [30]:
µ˙0
µ0
= (−0.5± 1.6) × 10−16 year−1. (3.16)
Comparing this value with Hubble constant H0 ≃ 7 × 10−11 year−1, the
order of magnitude of N in Eq. (3.14) is −6, i.e., N ≃ 10−6. According
to Eq. (3.15), this implies that ΩV ≪ 1. On the other hand, cosmological
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observations indicate that the Universe is flat, i.e., ΩK = 0, and ΩR is much
less than ΩM . Thus, it is a good approximation to take ΩV = ΩK = ΩR = 0
here. Using these approximation, Eq. (3.12) gives
x˙
x
= H0
√
ΩΛ +ΩMx−3. (3.17)
Eqs. (3.9) and (3.14) leads to
y˙ = NH0x
−3, (3.18)
where y ≡ ν(t)ν(t0) . Finally, according to Eqs. (2.10), (3.17), and (3.18) we get
∆µ
µ
=
91N
100
∫ 1
1/(1+z)
dx
x4
√
ΩΛ +ΩMx−3
. (3.19)
We can find the integral in Eq. (3.19) using integration by substitution
method. If we make the substitution u = ΩΛ +ΩMx
−3, we obtain:
∆µ
µ
=
91N
150ΩM
(√
ΩΛ +ΩM (1 + z)3 − 1
)
. (3.20)
This formula is the main result of the first approach.
3.2 Second approach: Extended Brans-Dicke model
We now consider an extend Brans-Dicke model with the BD-field, ψ, and
another scalar field H which eventually plays the role of Higgs field. There
is a coupling term between these scalar fields, as well as non-minimal inter-
actions with gravity. The new Brans-Dicke model includes all of the terms
of the SM, however, we only consider the part of this action containing the
dynamics and interaction between the scalar fields, as well as their couplings
to gravity. This action is used in [28] in which the authors proposed a phys-
ical motivation for the structure of the Higgs potential. The scalar part of
the action is:
I =
∫
d4x
√−g(1
2
Rψ − ω
2ψ
gµν∂µψ∂νψ − 1
2
gµν∂µH∂νH − V (H)
+ ηH2ψ + ξRH2 +
1
H2
Sµν∂
µH∂νH) (3.21)
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where R is Ricci scalar of curvature, and ω, η, and ξ are dimensionless
constants. In action (3.21), Sµν is
Sµν = ςRµν − θ
2
gµνR, (3.22)
which allows generalized derivative couplings of H with gravity. The cou-
plings ς and θ in (3.22) were first studied in [31, 32]. So far, the Higgs
potential V (H) in (3.21) is unidentified. However, it takes the Higgs poten-
tial form after imposing the appropriate conditions.
The Euler-Lagrange equations corresponding to action (3.21) in the cos-
mological context with Robertson-Walker metric, Eq. (3.2), are given by
V (H) = 3A2ψ + 3Aψ˙ − ω
2
ψ˙2
ψ
+ ηH2ψ − 1
2
H˙2 + 6ξA2H2
+ 12ξAH˙H − 9θA2 H˙
2
H2
− 6 (θ − ς) A˙H˙
2
H2
+ 6 (θ − ς)AH˙H¨
H2
− 6 (θ − ς)AH˙
3
H3
, (3.23)
H¨ + 3AH˙ − 12ξA˙H − 24ξA2H + dV
dH
+ 6 (2θ − ς)A2
(
H¨
H2
− H˙
2
H3
)
+ 18 (2θ − ς)A3 H˙
H2
+ 6 (7θ − 5ς)AA˙ H˙
H2
+ 6 (θ − ς) A¨ H˙
H2
+ 6 (θ − ς) A˙
(
H¨
H2
− H˙
2
H3
)
− 2ηψH = 0 , (3.24)
3A˙+ 6A2 − ω ψ¨
ψ
+
ω
2
ψ˙2
ψ2
− 3Aωψ˙
ψ
+ ηH2 = 0 . (3.25)
where A = a˙a is the Hubble parameter.
The above equations can take the power-law solutions:
ψ(t) ∝ tα, H(t) ∝ tβ, A ∝ t−1, (3.26)
where α and β are dimensionless parameters. Since α controls the evolution
of Newton’s gravitational coupling in the context of BD-model, we expect
α to be small. Indeed, from observation we know that |α| ≤ 10−3 [5] but
its sign is undetermined, see e.g. [33]. Furthermore, consistency of Euler-
Lagrange equation (3.25) with power-law solutions (3.26) implies β = −1.
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According to the solution (3.26), the first three terms of V (H) in (3.23)
are proportional to tαH2 while the other terms are proportional to H4.
Therefore, equation (3.23) leads to the Higgs-like potential for field H
V (H) = −1
4
M2H(t)H
2 +
λ
4
H4, (3.27)
where M2H(t) ∝ tα. Eqs. (3.24) and (3.25) lead to two constraints for the
parameters of extended BD-action and constants in solution (3.26), so they
are irrelevant in our study. In this approach parameters of Higgs potential
(3.27) are related to the parameters of extended BD-action (3.21) which can
be fixed so that M2H(t) and λ be positive and take SM values. Actually
it is easy to see why M2H(t) should be positive. The sign of M
2
H(t) would
be determined by the BD parameter ω in the third term of (3.23) and the
cosmological constraint ω > 899 leads to the negative sign in (3.27)).
Regarding Eq. (3.27), Higgs VEV is given by
∂V
∂H
∣∣∣∣
ν
= 0 ⇒ ν(t) =
√
M2H(t)
2λ
. (3.28)
Therefore, the Higgs VEV is depending on the cosmic time.
ν(t) = ν0(
t
t0
)α/2. (3.29)
From previous subsection we had an experimental limit ν˙0ν0 ≃ 10−6H0, which
leads to α ≃ 10−5. This constraint is much stronger than what we mentioned
before, i.e., |α| ≤ 10−3.
Now, according to Eqs. (2.10) and (3.29)
∆µ
µ
=
91
100
(
1− ( t
t0
)
α
2
)
≃ 91
200
α ln
t0
t
, (3.30)
where we have used x = 1 + lnx for x ≃ 1. Since α is very small and the
formula is logarithmic, variation of the proton-to-electron mass ratio is very
mild.
4 Results and Conclusion
In Fig. 1 variation of the proton-to-electron mass ratio ∆µ/µ versus redshift
z has been depicted for |N | < 3.5 × 10−6 (1st approach) and |α| < 2.5 ×
11
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Figure 1: Variation of the proton-to-electron mass ratio versus redshif z
for the first and the second approach; there are also some constraints from
observations listed in Table 1.
10−5 (2st approach). In this figure, we have used ΩM = 0.3 and ΩΛ =
0.7, according to ΛCDM model. The colored regions are compatible with
observational data which can be seen in Fig. 1. These data are given in
Table 1 in which the weighted average over observational values for eight
quasar H2 absorption spectra [34–38] are taken from [39]). Apart from the
H2 spectra for z > 2, we also show two observational data of other molecules
spectra for z < 1 [40–42].
In the first approach we assumed Higgs VEV is time dependent and used
an approximation H(t) ≃ ν(t). It means we have ignored the potential term
of Higgs field and considered it as a free field. This is just a simple back-
of-the-envelope estimate for the cosmological evolution of H(t) which over-
constrains the system. However, in the second approach the Higgs potential
itself has been derived from an extended BD-action with a mildly time-
dependent Higgs VEV. Practically, as can be seen in Fig. 1, the difference
between two approaches shows itself for high redshifts; indeed, the difference
between two approaches would be huge for the redshift at the time of the
Big Bang Nucleosynthesis (BBN). Eq. (3.20) contradicts constraint on the
time variation of the Higgs vacuum expectation value through the effects
12
Quasar Redshift z ∆µ/µ [10−6]
B0218+357 0.685 −0.35± 0.12
PKS1830-211 0.89 0.08 ± 0.47
HE0027-1836 2.40 −7.6 ± 10.2
Q0347-383 3.02 5.1± 4.5
Q0405-443 2.59 7.5± 5.3
Q0528-250 2.81 −0.5± 2.7
B0642-5038 2.66 10.3 ± 4.6
J1237+064 2.69 −5.4± 7.2
J1443+2724 4.22 −9.5± 7.5
J2123-005 2.05 7.6± 3.5
Table 1: Values for ∆µ/µ obtained for eight H2 quasar absorption spectra
at z > 2 [39]. For comparison, two results for other molecules spectra at
lower redshift (z < 1) are given as well [40–42].
on BBN, |∆ν/ν| . 10−2 [43]. For redshift of the BBN (zBBN ∼ 108), and
for |N | . ×10−6 (see Fig. 1), the variation of the proton-to-electron could
be as large as 1012, clearly in tension with |∆ν/ν| . 10−2. However, the
second approach is compatible with BBN limit on variation of the Higgs
VEV. According to Eq. (3.30), for t0 ∼ 13.8 Gyr and tBBN ∼ 3 min (with
|α/2| . 10−5), we obtain |∆ν/ν| . 10−4 which is compatible with the result
of [43], i.e., |∆ν/ν| . 10−2.
Note that the field ψ is also related to the effective gravitational ”con-
stant” in BD theory, Geff ∝ 1ψ ∝ t−α, therefore, one can constrain α using
the constraints on the gravitational constant G [5] which, as mentioned be-
fore, leads to |α| . 10−3. On the other hand, observations of H2 quasar
absorption spectra, including those listed in Table 1, set a constraint on a
varying proton-to-electron mass ratio of |∆µµ | < 5 × 10−6 (3 − σ) holding
for redshifts in the range z = 2.0 − 4.2 (for a review see [39]). According
to Eq. (2.10) this directly constrains the variation of the Higgs VEV or
equivalently the parameter α in (3.29). As it is shown in Fig. 1 we estimate
that |α| . 2.5 × 10−5. Therefore, our study puts stronger constraint on α
than the one coming from variation of the gravitational constant.
Finally, we should mention that environmental conditions, such as the
presence of strong gravitational fields [44], can also affect the variation of
13
the proton-to-electron mass ratio, and these effects can distort look-back
times effects discussed here.
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